Studies were performed to substantiate the hypothesis that a physiological change, apart from the rise in blood pressure, occurs in two-kidney hypertensive rats. Both the slow development of hypertension following renal arterial constriction versus its rapid reversal following removal of the constriction and the early increase in plasma renin activity which subsides in the chronic hypertensive phase suggest such a progressive change. We studied the development of hypertension following initial renal arterial constriction (clipping) and after reclipping in rats that had been relieved of two-kidney hypertension by unclipping for 2 or 21 days. Full hypertensive blood pressure levels were established within 1-2 hours after reclipping in 2-day undipped rats, but similar levels were not reached in either of the other two groups for at least 1 week. These changes in response to renal arterial constriction were paralleled by differences in responsiveness to hog renin and angiotensin infusions. Plasma renin activity 1 hour after clipping or reclipping was adequate to account for the observed blood pressure increases in all groups. These data suggest that (1) a physiological change resulting in increased vasoresponsiveness to renin and angiotensin occurs concomitantly with the development of two-kidney hypertension and (2) this type of hypertension is dependent on both renin and increased sensitivity to angiotensin. Moreover, we suggest that study of recently undipped, normotensive rats may help to uncover the causes for the angiotensin sensitivity change.
• In rats made hypertensive by unilateral renal arterial constriction without contralateral nephrectomy (two-kidney hypertension) (1), the development of hypertension has been attributed to the renal secretion of renin (2, 3) . Plasma renin activity in such rats increases maximally soon after clipping and then declines (3) , although the onset of hypertension is often very gradual (1) . These observations suggest that (1) the maintenance of hypertension is not attributable to renin or (2) a physiological change occurs over time which allows lesser concentrations of renin to maintain the full level of hypertension. We suspect that renin or some other renal factor is responsible for the maintenance of the hypertension, since removal of the arterial clip or ablation of the clipped kidney causes a prompt return of blood pressure to normal (4, 5) . In this paper, we attempted to substantiate the existence of an altered physiological state. For convenience, the terms clipping, unclipping, and reclipping are used throughout this paper to refer to producing, removing, and reintroducing a constriction of a renal artery with a silver clip. The terms clipped, undipped, and reclipped rats are likewise used to refer to the condition of the artery supplying the left kidney in each rat.
Methods
General.-The rats used for these studies were Sprague-Dawley males. At the time of the initial interventions, their weights ranged from 180 to 230 g; in the long-term experiments, final weights ranged from 300 to 500 g. Hypertension was produced by constricting the left renal artery with a silver clip (0.25 mm, i.d.) without contralateral nephrectomy. All operative procedures were performed via a flank incision just below the lower border of the rib cage, and closure of this incision involved separate suturing of muscle and skin layers. The rats had access to Wayne rat chow and tap water at all times, and no attempt was made to regulate their food or water intake.
Experiments in Conscious Rats in which Only Systolic Blood Pressure Was Measured.-All surgical procedures were performed using sodium pentobarbital anesthesia. Systolic blood pressure was measured by the photoelectric -tensometer method of Kersten et al. (6) . Twentyeight days after initial clipping, 16 rats were undipped; 8 rats were reclipped 2 days later and the remaining 8 rats were reclipped 21 days later. Control rats, which underwent sham-operations when the initial clipping and the subsequent unclipping were performed, were initially clipped at each of the times when reclipping was (7) in both hypertensive and normotensive rats approximately 18-24 days after the clipping or the sham-clipping procedure. Both operations were performed using sodium pentobarbital anesthesia. All subsequent operations utilized ether as the anesthetic agent. Blood pressure was measured via the catheter using a Statham model P23Gc pressure transducer and a Grass polygraph. As recommended by Weeks and Jones (7) , only mean blood pressure was recorded because of the variable damping produced by the PE10 and PE20 tubing used in the catheters. A blood sample (0.15-0.20 ml) was obtained at the time of the blood pressure measurement. For each measurement, the following procedure was used. The rat was gently wrapped in a small cloth so that only its head and the catheter tip were exposed; the rat was then placed between two small rolled towels fastened to a board. The catheter stylet was removed and approximately 0.10 ml of 0.85% NaCl was injected. After the backflow of saline had occurred, approximately 0.05 ml of blood was collected and discarded. The blood sample was then collected, placed in a 1.5-ml plastic centrifuge tube containing 0.5 mg of disodium ethylenediaminetetraacetate (EDTA), capped, and centrifuged immediately for 30-60 seconds in a Microfuge (Brinkmann Co.). The plasma (0.05 ml) was immediately pipetted into icechilled tubes which were used to assay plasma renin activity. After the blood sample had been obtained, the catheter was connected to the transducer and cleared of blood by injecting 0.05 ml of saline; blood pressure was then recorded for approximately 1 minute. Finally, the catheter was clamped while a small volume of saline was injected and the stylet replaced. The clamp was then removed, and the rat was returned to its cage. All rats underwent unclipping or sham-unclipping 21-28 days after the initial clipping or sham-clipping. Two days later, all rats were either initially clipped, reclipped, or sham-clipped. Blood pressures and blood samples were obtained just prior to each operative procedure (time zero) and 1, 2, 4, 24 and, in some cases, 48 hours after each procedure.
Clipping and Reclipping and Renin and Angiotensin Infusion Studies in Anesthetized Rats.-Rats that had been clipped or sham-clipped for 3-8 weeks were undipped or sham-unclipped 1-3 days before the day of the experiment. More than 75% of the rats were undipped 2 days before the experiment. The remaining rats were undipped 1 or 3 days before the experiment. Since the responses of these rats were similar to those in 2-day undipped rats, all such undipped rats are referred to as 2-day or recently undipped rats. Atropine sulfate (1.5 mg/kg, sc) was administered followed by sodium pentobarbital (40 mg/kg, ip). Cannulas were placed in the trachea, in a femoral vein for infusions, and in a carotid artery for blood pressure measurements via a Statham transducer and a Grass polygraph. In the renin infusion studies, blood samples for renin determinations were taken by needle puncture of the other femoral vein prior to and just following the end of the infusion. The duration of infusion of either renin or angiotensin amide Circulation Research, Vol. 35, November 1974 was 1 hour. Hog renin (Nutritional Biochemical Corp.) was dissolved in 0.9% NaCl and infused at rates of 8, 20, and 50 mGoldblatt units/min kg" 1 . Angiotensin amide (Hypertensin, Ciba) was infused at rates of 20, 50, and 125 ng/min kg" 1 . A volume of 0.02 ml was infused each minute in all studies. Blood pressure was recorded for at least 1 hour in both infusion and clipping or reclipping studies. Blood for renin determinations was obtained 1 hour after clipping or reclipping.
Determination of Plasma Renin Activity.-The method used was similar to that reported by Menard and Catt (8) . The reagents used were supplied in angiotensin I radioimmunoassay kits obtained from New England Nuclear Corp. Each sample incubation tube contained 0.05 ml of sample plasma, 0.5 ml of plasma from 1-day nephrectomized male rats, 0.005 ml of solutions containing 8-hydroxyquinoline and 2,3-dimercapto-l-propanol (provided in the kit), and 1.0 ml of 0.2 M maleate buffer, pH 6.0. A 1-hour incubation was used, and sample incubates were frozen until assay.
In the process of developing this assay using the kit reagents, we determined that: (1) the product formed on incubation of rat plasma and the unlabeled angiotensin used as a standard both equivalently displaced the labeled angiotensin I from the antibody, (2) the amount of angiotensin I formed on incubation of normal rat plasma was linear within the times tested, (3) the amount of angiotensin I formed was proportional to the amount of renin incubated, (4) the addition of various amounts of standard angiotensin I before the 1-hour incubation gave recoveries between 90% and 125%, and (5) the within and between assay variabilities were 11% and 15%, respectively. The value that we obtained for venous plasma renin activity in rats anesthetized with sodium pentobarbital (65.4 ± 7.0 ng angiotensin I/ml hour" 1 , N -21) agreed well with that reported by Menard and Catt (8) (113 ng angiotensin I/ml 2 hours"').
Statistical Analyses.-Student's t-tests, either paired or unpaired, were used for most comparisons. Data in Table 1 were subjected to analysis of variance and Duncan's multiple range test. The data on renin and angiotensin infusions were analyzed by regression analysis. In all analyses, a probability level of 0.05 was the criterion of significance.
Results
The data in Figures 1 and 2 show the systolic blood pressure effects of clipping, unclipping, and reclipping the left renal artery in rats. In Figure 1 the duration of the undipped period was 2 days, and in Figure 2 the undipped interval was 21 days. In both experiments, the gradual nature of the initial induction of the hypertensive state is shown. In both, abrupt falls in blood pressure followed unclipping. It appears that the rate of response to initial clipping is increased in older or heavier rats (see initial clipping of previously sham-clipped rats, Fig. 2 ). When reclipping was done 2 days after unclipping, the blood pressure observed 1 day later was not significantly different from that which existed prior to unclipping ( Fig. 1) . In contrast, the Systolic blood pressure effects of renal arterial clipping, unclipping, and reclipping. Duration of the undipped period was 2 days. Blood pressure was measured in conscious rats. Time 0 is the day of the initial surgical procedure. Nature of surgical procedure at the times indicated by the arrows: C -clipping, U =• unclipping, Ft -reclipping, S = sham-operation. Crossesrats that were eventually reclipped (N = 7 or 8), and circles = rats that were eventually clipped only (N •= 8).
blood pressure increase 1 day after initial clipping was small. Similarly, in rats reclipped 21 days after unclipping, the blood pressure rise was small on the first day after reclipping. The increase in blood pressure on the first day after clipping in freshly clipped rats (4.9 ± 2.7 mm Hg, N = 19) was not significantly different from that in 21-day undipped rats (10.8 ± 4.5 mm Hg, N = 8). However, the increase in blood pressure 1 day after reclipping Systolic blood pressure effects of renal arterial clipping, unclipping, and reclipping in rats. Duration of the undipped period was 21 days. For details, see legend to Figure 1. in 2-day undipped rats (45.5 ± 12.9 mm Hg, N = 8) was significantly greater (P < 0.01) than that in either of the other two groups. Figure 3 presents data on the changes in blood pressure and plasma renin activity (PRA) that occur within 24 hours after clipping, unclipping, and reclipping in rats undipped for 2 days. Each rat represented by these data underwent three surgical procedures. The times of the latter two procedures (performed under ether anesthesia) are indicated by the vertical lines in Figure 3 . The first procedure, clipping or sham-clipping (performed Circulation Research, Vol. 35, November 1974 under sodium pentobarbital anesthesia), was done 21-28 days prior to the time indicated by the first vertical line. Blood pressure at time zero in Figure 3 was 128.1 ± 1.9 mm Hg for sham-operated rats and 177.6 ± 3.3 mm Hg for clipped rats (P < 0.001). PRA was 17.0 ± 1.3 ng angiotensin I(AI)/ml hour" 1 and 40.5 ± 5.9 ng Al/ml hour" 1 (P < 0.01), respectively. Subgroups of these two initial groups of rats underwent only sham-operations at the time points depicted in Figure 3 ; these rats served as controls for such factors as ether anesthesia (9) plus surgery, blood loss, sodium chloride administration, and variable excitability of the unanesthetized rats at the time of measurement (10) . In the normotensive subgroup, these factors produced small, variable, and transient, though significant, changes in blood pressure and elevations in PRA. However, neither blood pressure nor PRA was changecT significantly from the beginning (128 ± 1.9 mm Hg and 17.0 ± 1.3 ng Al/ml hour" 1 ) to the end (125.0 ± 4.0 mm Hg and 15.4 ± 2.5 ng Al/ml hour" 1 ) of the experiment. In the small hypertensive subgroup, blood pressure was generally more variable. PRA tended to increase transiently following surgery, but both blood pressure and PRA were reduced at the end of the experiment (160 ± 5.3 mm Hg vs. 177.6 ± 3.3 mm Hg initially and 16.8 ± 5.9 ng Al/ml hour" 1 vs. 40.5 ± 5.9 ng Al/ml hour" 1 initially). Against the background of these variable effects imposed by the experimental techniques employed, certain of the effects of clipping, unclipping, or reclipping appeared to be dependent on the particular operative intervention per se. Blood pressure and PRA of rats undipped at time zero fell rapidly. After 24 hours, PRA in these now normotensive rats reached and remained at levels lower than those in sham-operated hypertensive or normotensive groups. Some of the undipped rats were sham-operated at 48 hours. These rats did not become hypertensive again nor was there a large rise in PRA (9.7 ± 2.0 ng Al/ml hour"' to 13.0 ± 0.9 ng Al/ml hour" 1 ) 1 hour after the operation. In contrast, 1 hour after initial clipping or reclipping, large increases in PRA from 14.2 ± 1.2 ng Al/ml hour" 1 to 186 ± 35.0 ng Al/ml hour" 1 and from 9.7 ± 2.0 ng Al/ml hour"' to 346 ± 65 ng Al/ml hour"', respectively, were found. PRA in both of these groups declined from the peak level, and after 24 hours PRA was similar in both groups, 50.3 ± 8.8 ng Al/ml hour" 1 and 44.5 ± 8.6 ng Al/ml hour" 1 , respectively. Both of these levels were significantly greater than those existing in either the hypertensive group or the normotensive control group.
The blood pressure response to initial clipping or reclipping was at first proportional to PRA. One hour after clipping, the blood pressure of the reclipped group was elevated 22 mm Hg and PRA was 346 ng Al/ml hour" 1 , but the blood pressure of the freshly clipped group was elevated only 11 mm Hg and PRA was 186 ng Al/ml hour" 1 . However, after 1 hour the pressure responses of these two groups differed. The pressure of the reclipped group continued to rise. At 2 hours it reached a level (171.4 ± 5.0 mm Hg) not significantly different from the prior hypertensive level (177.6 ± 3.3 mm Hg, far left, Fig. 3 ). A somewhat lower (165.7 ± 5.7 mm Hg) but still hypertensive level was present at 24 hours. In the initially clipped group, a slight rise of 3 mm Hg was seen between 1 and 2 hours, and 24 hours later the mean blood pressure was only 5 mm Hg higher than that which existed prior to clipping (131.9 ± 2.3 mm Hg vs. 127.1 ± 2.3 mm Hg). These pressure responses compare well with those illustrated in Figures 1 and 2 .
The data in Table 1 show that the increased responsiveness of 2-day undipped unanesthetized rats to reclipping was also evident in rats anesthetized with sodium pentobarbital. Furthermore, 1 hour after clipping or reclipping, the increase in blood pressure was larger than that seen in unanesthetized rats (Fig. 3) .
The data in Figures 4 and 5 show pressor Blood pressure increases produced by infusion of hog renin for 1 hour in normal and 2-day undipped anesthetized rats. Values are means ± SE for 5-7rats. Circles = control rats, and crosses -2-day undipped rats.
responses to renin and angiotensin amide, respectively, in anesthetized 2-day undipped and shamoperated control rats. In both studies, the agents tested were infused for 1 hour at each of three infusion rates in an attempt to approximate by exogenous means the same steady-state conditions that may have been achieved endogenously by application of the clip. The regressions of response on infusion rate were linear, parallel, and signifi- Blood pressure increases produced by infusion of angiotensin amide for 1 hour in normal and 2-day anesthetized undipped rats. Values are means ± SE for 5-6 rats. Circles -control rats, and crosses -2-day undipped rats. cantly different between undipped and control (sham-operated) rats in both assays. The differences in response between undipped and shamoperated rats in both assays were similar. Expressed as potency ratios, the unclipped-shamoperated ratio was 4.16 (95% confidence limits = 2.18-13.07) for renin and 3.30 (95% confidence limits = 1.81-9.03) for angiotensin amide. In a separate study, blood pressure increases produced by infusion of a different hog renin sample at a rate of 8 mGoldblatt units/min kg"' in groups of 4 or 5 normal, 2-day undipped, and 21-day undipped rats were 6.3, 38.4, and 9.4 mm Hg, respectively. The coefficient of variation in this experiment was 36.5%. The response of the 2-day undipped rats was significantly greater (P < 0.01) than that of either of the other two groups, which were not significantly different from one another.
In Figure 6 , the pressor responses to infusions of hog renin (from Fig. 4 ) are plotted against the mean PRA (± SE) for each infusion rate. Points obtained from rats 1 hour after clipping or reclipping are also included. These points fell close to their corresponding renin infusion dose-response curves, indicating that the plasma renin activity found after clipping and reclipping was adequate to account for the pressor response observed, at least in the experiments performed under sodium pentobarbital anesthesia. No attempt was made to compare PRA in unanesthetized rats (Fig. 3) with the doseresponse curves, because, as previously noted, there are quantitative differences between anesthetized and unanesthetized rats.
Discussion
We have observed that blood pressure and circulating plasma renin activity are reduced following unclipping of the renal artery in two-kidney hypertensive rats. Although this finding suggests that the blood pressure reduction results from the fall in renin activity, a causal relationship has not been established. Since the undipped kidney is suddenly exposed to a high blood pressure, two other mechanisms could be involved. First, as suggested by the work of Tobian et al. (11) , the renal release of vasodepressor substances could be increased. Also, pressure-induced changes in volume and electrolyte excretion could occur if peritubular hydrostatic pressure is affected (12) . However, since ablation of the clipped kidney produces a similar rapid pressure reduction, neither of these mechanisms seems likely.
The blood pressure response induced by reclipping 2-day undipped rats was accelerated to the extent that pressure levels which were eventually attained 2-4 weeks after initial clipping were reached within 2 hours. This marked change in response to renal arterial constriction is clear evidence that the recently undipped rat, even though it is normotensive, is physiologically different from its naive normotensive counterpart. It seems reasonable that this alteration occurred, along with the increase in blood pressure, as a result of the initial constriction and was present in the hypertensive rats before unclipping. Since rats undipped for 21 days no longer responded to clipping with accelerated development of hypertension, this alteration is reversible. Although our data do not indicate how this change came about, they show that it was associated with changes in vasopressor responsiveness to renin and angiotensin infusions.
Brunner et al. (13) have reported acute reductions of blood pressure in two-kidney hypertensive rats following intravenous administration of angiotensin II antibodies or a competitive antagonist of angiotensin II. These effects are selective, since similar effects are not produced in one-kidney hypertensive rats. Therefore, they have suggested that two-kidney hypertension is critically dependent on angiotensin II. In our studies, the different pressor responses of control, 2-day undipped, and 21-day undipped rats to clipping were paralleled by different responses to renin and angiotensin infusion. The plasma renin activity found 1 hour Circulation Research, Vol. 35, November 1974 after clipping was adequate to account for the observed pressure changes in all groups. These data suggest a critical role for the renin-angiotensin system in this type of hypertension.
However, several groups of workers have suggested that angiotensin plays no important role in the pathogenesis of two-kidney hypertension (14) (15) (16) . The major basis for this suggestion is that active immunization against angiotensin I or angiotensin II does not prevent or reverse the hypertensive state. Brunner et al. (17) have already presented arguments against this view. We suggest that the effectiveness of the immunization has not been adequately tested in any of these studies.
Effectiveness of immunization has been tested only by observing that responses to injections of angiotensin II or renin are reduced; this procedure does not test whether in the steady state adequate amounts of angiotensin are free to produce or maintain the hypertension. A much better test would be the determination that acute injections of additional appropriate antibodies do not cause a fall in blood pressure. Such a test would essentially involve repeating the studies of Brunner et al. (17) in immunized rats. We feel it is important to realize that, even if such studies indicate that effective immunization is present, a critical role for renin in this form of hypertension would not be ruled out.
The increased sensitivity of recently undipped rats to the vasopressor effects of renin and angiotensin infusions is consistent with previously reported data. Aoki and Masson (4) have shown similar changes in sensitivity in unanesthetized two-kidney hypertensive rats after ablation of the constricted kidney. They have also indicated that the sensitivity change is selective in that responses to norepinephrine, tyramine, and vasopressin are not altered. Our data indicated that the sensitivity change occurred beyond the level of renin or converting enzyme activity, since responses to renin and angiotensin were similarly altered. We did not determine whether the increased vasopressor responsiveness to renin and angiotensin was selective for these substances. Such information would help define the nature of the observed sensitivity change. We are using the term sensitivity in a broad sense, equating it with responsiveness. The change in response to angiotensin or renin does not necessarily mean enhanced receptor sensitivity. It could be a result of increased bioavailability of angiotensin or altered baroreceptor function, possibilities that we have not ruled out.
We suggest that the physiological change(s) manifest by the increased sensitivity to renin is gradually produced following initial clipping and is the controlling factor in the gradual development of the hypertensive state. Therefore, the maintenance of this type of hypertension appears to be critically dependent on the activity of the renin-angiotensin system and a factor(s) which produces increased responsiveness to this system. In accord with this view, we point out that, although a major portion of the increased sensitivity to renin required in the chronic hypertensive state was demonstrable in 2-day undipped rats, some return to the normal lower sensitivity may already have occurred. This return is suggested because plasma renin activities following reclipping fell after blood pressure had returned to levels characteristic of the prior hypertensive state. Therefore, a period of approximately 24 hours following reclipping may be required for renin sensitivity to return to the level which exists in the chronic hypertensive state. The occurrence of an increase in sensitivity to angiotensin is suggested by work in man (18) , rat (19) , rabbit (20) , and dog (21) which indicates that as a result of long-term infusion of angiotensin vascular responsiveness to angiotensin is increased.
Although our data shed little light on the nature of the factor(s) producing the increased sensitivity to renin and angiotensin, some comments seem appropriate. It is tempting to consider cardiac and vascular hypertrophy as a cause of this sensitivity increase, since such changes are known to be present in hypertensive animals. However, such changes are thought to be a result of hypertension (22). If, as we suggest, the sensitivity change is a part of the etiology of this type of hypertension, then such vascular changes would have to be considered causative. This possibility does exist, but it is not supported by the apparent partial loss of sensitivity which occurred within the 2-day undipped period. A more likely cause of the sensitivity change is suggested by the long-term angiotensin infusion studies. They indicate that increased pressor sensitivity to angiotensin may be self-induced and related to actions of angiotensin other than its direct vasoconstrictor effects. Whatever the cause of the sensitivity change, its elucidation should be facilitated by the use of the recently undipped, normotensive animal.
